Introduction {#Sec1}
============

Cancer is the most challenging disease of our time, with increasing numbers of new cases each year worldwide. The number of drugs designed to treat cancer is also increasing \[[@CR1]\], but without achieving the intended goal of curing cancer. Moreover, accumulated evidence shows that cancer therapy today has come to what looks like an endless battle as new drugs seem only to lead to new paths of resistance. Resistance mechanisms so far identified include, among others, drug inactivation, drug target alteration, drug efflux, DNA damage repair, cell death inhibition and epithelial--mesenchymal transition \[[@CR2]\]. The obvious question here is whether we are battling cancer from the right front.

No doubt, cancer is a complicated disease and, no doubt, enormous progress has been made in cancer research that has shed light on almost every biological aspect of this disease. The cancer genome sequencing project allowed the discovery of oncogenic mutations and gave valuable insights into the genomics of cancer. Today, the understanding of the cancer genome has become an important aspect of the clinicians' decision to select the best treatment available for each cancer patient. Moreover, the establishment of the Cancer Genome Atlas (TCGA) \[[@CR3]\] is the most important scientific advance of the century and analysis of cancer genomes continues to supply valuable information with clinical and therapeutic implications. Cataloging genetic mutations responsible for cancer, TCGA project, which begun in 2005, used several techniques to provide a large, statistically significant data set for further discovery. Today, whether searching to understand the pathogenesis of tumor development such as in lung squamous cell carcinoma \[[@CR4]\] or in oropharyngeal carcinomas \[[@CR5]\], consulting TGCA for that end is of paramount importance.

All this progress is still, however, not enough because we are not yet done with cancer. In the midst of the struggle to cure cancer and in the midst of the repeated defeat registered in cancer therapy, one asks whether going after DNA mutations can one day lead us to inhibit the rising of cancerous cells. Shrinking a tumor is one thing, but preventing the rising of transformed cancerous cells which form tumors is another thing totally different. Shrinking a tumor translates into a symptom-oriented treatment while preventing the rise of cancerous cells translates into a cure of cancer.

This original work discusses the role of DNA mutations as drivers and passengers in cancer initiation and development. It is deemed important to discern the role of these DNA mutations and whether they are the cause that initiates cancer or arise as a consequence of tumor formation and contribute to the growth and the development of the tumor once it had initiated. It also discusses through an example of breast cancer, how the present understanding of driver/passenger mutations has impacted our strategy for cancer drug development and cancer therapy.

This article is based on previously conducted studies and does not involve any new studies of human or animal subjects performed by any of the authors.

Tumor Genome Sequencing: a Giant Step in Cancer Research {#Sec2}
========================================================

The sequencing of the entire human genome completed in 2003 opened the doors to explore cancer genomes. As technology made more progress with large-scale genome sequencing techniques, the Cancer Genome Anatomy Project (CGAP) set new goals to determine gene expression profiles of cancerous, precancerous and normal tissues \[[@CR6]\]. The objective behind sequencing cancer genomes is to look for driver mutations, which increase the mutation rate in the cell, leading to a more rapid evolution of the tumor and metastases formation \[[@CR7]\]. The rationale behind a mutated gene as causal in cancer is based on the observation that the number and pattern of mutations in affected genes were found to be very unlikely the result of chance \[[@CR8]\]. Therefore, mutational data obtained through sequencing can be used to identify candidate cancer genes that are most likely to be the drivers. Moreover, it is reasonable to suggest that genes that are mutated more frequently than predicted by chance are more likely the drivers \[[@CR9]\].

Some of the identified mutations are called passengers as they do not drive progression to metastatic disease \[[@CR10]\], whereas others called genetic drivers \[[@CR11], [@CR12]\] are considered crucial for cancer cell survival and growth. Vogelstein et al. defined a driver gene mutation as a mutation that directly or indirectly confers a selective growth advantage to the cell in which it occurs, whereas a passenger mutation is a mutation that has no direct or indirect effect on the selective growth advantage of the cell in which it occurred \[[@CR13]\].

Although it is difficult to determine driver mutations from DNA sequences alone, drivers tend to be the most commonly shared mutations between tumors and cluster around known oncogenes and also tend to be non-silent \[[@CR14]\], whereas passenger mutations are randomly distributed throughout the genome. Clones bearing driver mutations are assumed to be positively selected in the evolution of neoplasia to invasive and advanced cancer \[[@CR10]\].

The sequencing of cancer genomes has thus helped identify specific and unique changes in cancer patients and based on this information, a personalized therapeutic strategy \[[@CR15], [@CR16]\] became possible. Additionally, while genome sequencing can provide important information on patients with rare or novel tumor types, translating such information into clinical treatment strategy is often complicated \[[@CR15], [@CR16]\]. Moreover, malignancies are known to have a spectrum of gene mutations which can affect several metabolic pathways, complicating the task further. Cancer patients may not be able to afford the costs of personalized therapy while others may lack access to such treatment option.

Nonetheless, it is important to highlight the benefits of the sequencing data and mutation cataloging in clinics. The identification of cancer mutations led the way to targeted therapy which is in its full development, helping clinicians make major decision concerning each patient's treatment. Through such personalized medicine, many patients' outcomes have been significantly improved. In lung cancer, the discovery of the anaplastic lymphoma kinase gene (*ALK*) rearrangements and the subsequent development of crizotinib, an oral tyrosine kinase inhibitor targeting *ALK* for a selected *ALK*-positive patient group, is an example of such a successful biomarker-driven drug development \[[@CR17]\]. Shaw et al. reported a median progression-free survival of 7.7 months in the crizotinib group compared to 3.0 months in the chemotherapy group. The authors have concluded that crizotinib is superior to standard chemotherapy in patients with previously treated, advanced non-small-cell lung cancer (NSCLC) with *ALK* rearrangement \[[@CR17]\].

The problem, however, resides in the continuous trend of cancer cells' evolution leading to the appearance of new mutations while on treatment or after treatment leading thus to drug resistance or recurrence as clearly shown in NSCLC targeted with EGFR-TK inhibitors. In selected NSCLC patients, the constitutive activation of *EGFR* signaling caused by gene mutations/amplification or both is responsible for the oncogenic behavior and poor prognosis of NSCLC \[[@CR18]\]. Mutations in the *EGFR* gene which occur in \~10--35% of NSCLC patients are considered important drivers in NSCLC \[[@CR19]\] and have played a pivotal role as rational targets in NSCLC-targeted therapy, revolutionizing lung cancer care and treatment as a consequence. Three generations of epidermal growth factor receptor tyrosine kinase inhibitors (EGFR-TKIs) have thus far been developed (reviewed in \[[@CR20]\]). However, most patients treated with EGFR-TKIs develop resistance within 9--14 months \[[@CR21]\]. Oxnard et al. have reported that acquired resistance mechanisms of AZD9291 in patients with *EGFR*T790M-mutant NSCLC who failed treatment with first-generation EGFR TKIs include the loss of *EGFR*T790M-mutant clones plus alternative pathway activation or histologic transformation and *EGFR* ligand-dependent activation \[[@CR22]\].

The question which remains to be answered is how to overcome resistance and recurrence phenomena in targeted and personalized medicine? This resistance barrier is perhaps teaching us to take a major turn in cancer research and redefine the etiology of cancer in order to redefine its treatment.

The Driver--Passenger Point of View {#Sec3}
===================================

One of the first sequencing studies estimated that individual colorectal cancers contain about 100 non-synonymous mutations and that as many as 20 of the mutated genes in individual cancers might play a causal role in the neoplastic process \[[@CR23]\]. Data from this study also showed that the mutational patterns among colorectal cancers from different patients are diverse. In another sequencing study, it has been estimated that the average tumor carries around 80 somatic mutations, fewer than 15 of which are expected to be drivers \[[@CR9]\]. However, studies on melanoma have revealed a complex genetic background where melanoma genomes include a high rate of mutation, a complex copy number landscape, UV-related C \> T transitions, and frequent genetic alterations in well-known drivers of melanoma genesis such as *BRAF*, *NRAS*, *TP53*, *CDKN2A*, and *PTEN* \[[@CR11], [@CR24]--[@CR26]\].

More recent studies have shown that an average cancer of the breast or the colon can harbor about 60--70 protein-altering mutations, of which 3 or 4 may be driver mutations while the remaining may be passenger mutations \[[@CR13]\], and that at least 125 mutated driver genes have been identified among 3284 sequenced tumor genomes. Another study conducted by Ding et al. on 97 tumors from 96 melanoma patients revealed truncation mutations, in tumor suppressors, protein phosphatases, as well as genes involved in chromatin remodeling, which co-occur with *BRAF* and *NRAS* mutations \[[@CR27]\].

From the driver--passenger point of view, mutations in the *BRAF* gene, mainly the *V600E* mutation, are considered a driver leading to constitutive activation of the MAP kinase pathway and increase in growth signals \[[@CR28]\]. However, the *BRAF* ^*V600E*^ mutation has been identified in only 40--45% of metastatic melanomas \[[@CR29]\], which is lower compared with melanocytic nevi \[[@CR30], [@CR31]\]. Moreover, whole-genome sequencing of 100 gastric tumors, a heterogeneous cancer with diverse molecular and histological subtypes, revealed more than seven driver genes including known genes such as *TP53*, *ARID1A* and *CDH1* and newly identified ones (*MUC6*, *CTNNA2*, *GLI3*, *RNF43*) \[[@CR32]\].

These observations clearly show that drivers are many and diverse and the main question here is how to conquer cancer with these many mutations in a single type of cancer? How many drivers can we target at once in a given patient without increasing toxicity? Most importantly, though, is what really needs to be targeted in cancer? The end product, i.e. the tumor, which can be formed through the hijacking of several different metabolic pathways as shown in the diversity of mutated genes, or the force and entity behind the establishment of these DNA mutations? DNA mutations which shape each tumor can go on endlessly and can change according to their microenvironment, including in the presence of chemotherapeutic drugs and radiation. Running after genes that are mutated in cancer cells may mean running in the same direction with cancer cells, but not in the opposite direction, as it should be in order to stop their proliferation. To stop cancer growth, we should go in the opposite direction, come face-to-face and neutralize the entity behind the establishment of these DNA mutations in cancerous cells. Isn't this capability of easily mutating that is behind resistance phenomena observed in clinics?

On the other hand, it has been suggested that the failure of current cancer therapies may be the result of the used drugs not targeting what really causes cancer \[[@CR33]\]. Also, in the hypothetical settings where the cause of cancer is still unknown and remains to be identified \[[@CR33]\], what is, then, the role of these DNA mutations in cancer genesis? Do any of these mutations in driver genes cause the switch from normalcy to malignancy? There is no evidence that such is the case and none of the identified driver DNA mutation causes the switch of a cell from normalcy to malignancy. Moreover, these driver mutations are not found in 100% of tumors in any given cancer type while being absent in their normal counterpart cells. There is, however, ample evidence showing that these identified DNA mutations together contribute to the rising of cancer. The prevalent idea is that a large number of mutations, each associated with a small fitness advantage, drive tumor progression \[[@CR34]\]. On the other hand, an important finding showed more passengers (hills) than drivers (mountains) shaping cancer landscapes at least in breast and colon cancers, and passenger rates vary considerably from tumor to tumor \[[@CR9]\]. Moreover, studies on myelomas suggested that there are multiple genes, each mutated in a small proportion of tumors that can alter the same signal transduction pathway \[[@CR35], [@CR36]\]. Based on these observations, the number of potential drivers, spreading to include a diverse range of genes, appears large enough to qualify as the driving cause in one and the same disease. Furthermore, it is not clear how to separate a driver from a passenger somatic mutation \[[@CR13]\].

While these DNA mutations may explain how cancer progresses, they do not explain how it starts. The important question to ask is not how cancer progresses but instead how cancer starts. If the focus is on the tumor and how to shrink it then these DNA mutations in driver genes are indeed important to consider for the design of anti-cancer drugs. However, if we seek long-lasting outcomes in cancer treatment, then the focus should shift from the tumor, formed by a mass of heterogeneous cancerous cells, to the level of a single cancerous cell. Putting more emphasis on tumor growth has led us to design drugs aimed at shrinking those tumors while we lost from sight what really causes a normal cell to become cancerous in the first place.

Looking thus from a different angle, these DNA mutations may be interpreted as consequences of transformation but not the cause of it. Once a normal cell has switched to a cancerous cell, symptoms of that transformation are seen in the form of a number of DNA mutations we came to call drivers and passengers. Each major mutation or set of mutations may indicate the path taken by different cancerous cells on their way to invasion and metastases. Following this line of reasoning, there should be no driver or passenger gene mutation per se, as mutations seen in cancer may be the result of that cellular modification catalyzing the switch from normalcy to malignancy that has yet to be identified \[[@CR33]\]. Therefore, the observed mutations in cancer cells may occur to fulfill the malignant character and complete the reprogramming \[[@CR33]\] process during transformation.

On the other hand, mutations can occur in the human genome without causing cancer. Mutations found in the *FGFR3* have been reported in 18--85% of seborrheic keratoses which are benign lesions with no risk of cancer \[[@CR37]\]. Another reason to question the idea of driver mutations, i.e. a modification at the DNA level as causal in cancer, becomes evident in the fact that mutations in *BRAF* and *NRAS*, originally qualified as drivers, could not fully explain melanoma oncogenesis, as these same mutations have been found at similar rates in benign nevi \[[@CR38], [@CR39]\].

In a study conducted by Poynter JN et al., the role of *BRAF*/*NRAS* mutations has been investigated in samples from a case control study of melanoma and a series of benign melanocytic nevi. The study showed evidence of the up-regulation of the mitogen-activated protein kinase pathway in a large percentage of melanocytic lesions, but these mutations have been suggested to be not sufficient for malignant transformation. The authors suggested that *BRAF* mutations contribute to benign melanocytic hyperplasia, but are likely to contribute to invasive melanoma only in conjunction with other mutations \[[@CR40]\]. A more recent study in melanoma, however, showed that *BRAF* and *NRAS* co-mutations are not mutually exclusive and that the co-existence of *BRAF* and *NRAS* driver mutations in the same melanoma cells resulted in heterogeneity of resistance in response to targeted therapy that was not observed in non-targeted therapy \[[@CR41]\].

Inherited DNA Mutations and Cancer {#Sec4}
==================================

If somatic mutations in driver genes do not fully qualify to directly cause cancer, how about germ line mutations? If the cause of cancer was in the DNA, one should expect a direct effect of the inherited driver mutation(s) to cause cancer and this should not be limited to a predisposition to develop cancer. In the light of this work, predisposition in the presence of a germ line mutation means that the ground is fertile to drive transformation but not to initiate it. Therefore, the presence of a germ line mutation alone is unlikely to cause cancer and limits its effect on predisposition to cancer but is unable by itself to switch a cell from normalcy to malignancy. In this line of reasoning, individuals with germ line mutations in DNA repair genes cannot develop cancer unless exposed to UV radiation \[[@CR42], [@CR43]\]. Moreover, the effect of inherited mutations should be systematic and not limited to one organ only, such as the skin in the case of melanoma. And why not? Is not the inherited driver mutation present in each and every cell of the body? Or do we assume that each organ has its own specific driver DNA mutation in order to develop its *own* cancer?

In this view, seeing *BRCA1/2* genes more often mutated in breast cancer, and the *BRAF* gene more often muted in melanoma, may solely reflect differences in metabolic pathways in these specialized organs and tissues' functions. It has been suggested that tissue specificity of inherited mutations in *BRCA1*, for example, may result from *BRCA1* being evolutionarily recruited to suppress cancer in breast and ovarian tissues, but not for such a role in the non-susceptible tissues \[[@CR44]\]. Based on such tissue functional specialization, the yet unidentified cancer-causing entity acts accordingly to hijack the major metabolic pathway in that specific tissue, rerouting it towards transformation. However, this may not be the rule in cancer as cancer cells are thought to not follow universal laws governing cell division \[[@CR33]\], but can take advantage of any shortcuts available, adapting to their microenvironment and resulting, as a consequence, in tumor heterogeneity. This heterogeneity may explain why *BRCA1/2* and *BRAF* gene mutations, for example, are not found in 100% of breast cancers and melanomas, respectively.

It is important to note that several genes with germ line mutations that cause cancer predisposition have been reported to show very few, if any, somatic mutations in sporadic cancers of the same type, such as *BRCA1* and *BRCA2* in breast cancer \[[@CR45], [@CR46]\]. It has also been suggested that genes predisposing to cancer, when inherited in mutant forms in the germ line, stimulate tumorigenesis in indirect ways but do not confer an increase in selective growth advantage \[[@CR13]\]. Moreover, inherited *PIK3CA*-activating mutations are implicated in seborrheic keratosis (16%) and epidermal nevi (27%), with mutations identical to those found in certain malignancies \[[@CR37]\]. Furthermore, *TP53* germ line mutations lead to Li--Fraumeni syndrome that is associated with a high incidence of cancer \[[@CR47]\], and synovial tissues from patients with rheumatoid arthritis had alterations in *TP53* (17--46%) that are identical to the mutations seen in malignancies \[[@CR48], [@CR49]\]. Therefore, none of these inherited mutations turns on tumorigenesis and causes cancer directly, even when the gene is qualified as a driver as opposed to a passenger gene. Moreover, deficiency in DNA repair proteins due to an inherited mutation increases cancer risks, such as mutations in the *TP53* gene \[[@CR50]\], but germ line mutations in DNA repair genes were found to be the cause of only 1% of cancers \[[@CR51]\].

These observations clearly suggest that the causing event in cancer may not lie in the DNA sequence in a form of mutations. Therefore, how can we rely on these heterogeneous and evolving genomic alterations and design cancer drugs without the risk of being counterattacked with resistance responses?

Chromosome Instability and Cancer Initiation {#Sec5}
============================================

Chromosome instability (CIN) is a hallmark of most solid tumors \[[@CR52]\] with aneuploidy being a direct result of CIN, observed in about 90% of all solid tumors \[[@CR53]\] and has been suggested to serve as a driver of cellular transformation \[[@CR54]\]. Hereditary cancers are often characterized by the presence of mutations in DNA repair genes, such as *BRCA1*, *BRCA2*, *MSH2* and *MYH*, which lead to genomic instability. Genomic instability is present in all stages of cancer, from precancerous lesions, even before *TP53* mutations are acquired \[[@CR55]\], to advanced cancers \[[@CR56]\].

An important finding in mouse model experiments failed to show CIN as a driver in transformation. These experiments often needed an additional genetic alteration for tumorigenesis, such as the deletion of the *p53*, *p21* or *p19Arf* tumor suppressor genes \[[@CR57], [@CR58]\]. Moreover, studies conducted by Silk et al. showed that exacerbating the level of CIN in mice model experiments resulted in enhanced cell death and reduced tumor growth \[[@CR59]\]. These results could likely be explained in the light of this work by the absence of the cancer-causing entity in these animal models. The most important question to answer in cancer is: What makes genomic alterations, which include all forms of DNA changes, viable in cancerous cells? Unless we assume that what causes cancer bears the properties to first, allow these DNA alterations to occur, and second, to use them for tumor growth, invasion and metastases. In the absence of the cellular modification that causes cancer, these gross DNA alterations, regardless of their extent and form, are unviable. Another strong argument is seen in humans where it is well known that a large proportion of first-trimester spontaneous abortions are caused by chromosomal disorders, and a correlation between chromosome abnormalities and spontaneous abortion has been documented for decades \[[@CR60]\]. These spontaneous abortions could be viewed as a mechanism that has evolved to protect human species from being transformed.

The Evolution Point of View {#Sec6}
===========================

The aim of this work is not to debate theories on cancer origin and evolutionary models; however, it is the aim of this work to try to answer the question of whether evolution, when defined as that universal law through which living and non-living matter evolve toward higher structures of higher complexity and function \[[@CR33]\], could allow DNA, the genetic material defining each living species, to bear the cause of cancer. Moreover, if evolution has not selected for cancer but rather did not hamper its appearance \[[@CR33]\], it follows from this understanding that ingraining the cause of cancer in the genetic material under the form of DNA mutations would have had devastating consequences not only to our human species but to all multi-cellular organisms which can incur cancer. This important argument points to the causing event in cancer that may not be carried on DNA sequences. On the other hand, DNA is the core and essence of living species and evolution would not let selfish cancer cells to meddle with it. All living species are their DNA; without this identity, they would not exist in their present forms. And though it can be affected, DNA cannot be transformed or bear a transforming mutation which would cause cancer that transforms and destroys organs' function, disturbs the homeostasis of the organism and leads to death. By being affected as a secondary event resulting from the cellular modification that causes cancer which has yet to be identified, DNA mutational effects become restrained to the tissues only in which cancer grows, making, hence, the consequence local but not global. Local effects destroy tissues' function and global effects would affect the species as a whole, destroying and/or transforming it. Moreover, once cancer has initiated, its evolution relies largely on DNA mutations which have been shown to play a key role in both the development of tumors and their response to therapy \[[@CR61]\]. Constraints exercised by these DNA mutations on cancer evolution are reviewed by Venkatesan et al. \[[@CR62]\].

Trunk and Branch Mutations and the Race to Harness Tumor Heterogeneity {#Sec7}
======================================================================

Clonal evolution of tumors has been modeled as a tree with trunk and branch mutations describing intra-tumor heterogeneity. The trunk harbors somatic aberrations thought to arise at early stages of tumor formation, whereas branches harbor somatic aberrations thought to appear later at separation of branches \[[@CR63], [@CR64]\]. Trunk or clonal mutations are thought to be common events occurring in all sites of the tumor, and branch or subclonal mutations are thought to be responsible of the heterogeneity of tumors \[[@CR63], [@CR64]\]. This important classification has been linked to therapy outcomes in clinics \[[@CR63]\] and the subject is extensively reviewed in \[[@CR65]--[@CR67]\].

Association of intra-tumor heterogeneity with poorer clinical outcomes has been documented in relapsed MGMT-deficient glioblastoma multiforme (GBM) following alkylator therapy \[[@CR68]\] and relapsed acute myeloid leukemia (AML) following exposure to DNA-damaging agents \[[@CR69]\]. Gillies et al. have suggested that cancer cytotoxics may contribute to tumor evolution by adversely changing the microenvironment, facilitating, hence, small phenotypic changes to result in large variations in fitness \[[@CR70]\]. A study by Shah et al. on a case of advanced invasive lobular carcinoma of the breast illustrated the spatial and temporal dynamics of intra-tumor heterogeneity as 19 non-synonymous mutations have been detected in the metastases that were not present in the primary tumor diagnosed 9 years earlier \[[@CR71]\]. This study is an example among many, illustrating the dynamic and often unpredictable behavior of tumor cells.

A more recent work by Gao et al. studying intra-tumor heterogeneity in hepatocellular carcinoma (HCC) focused on 26 genes previously characterized as drivers in HCC and mapped them to the phylogenetic trees. All 10 studied cases showed a long trunk with multiple branches where half of the mutations mapped to the trunk and the other half mapped to the branches \[[@CR72]\].

Such modeling of mutational events into trunk and branches would theoretically help predict treatment course and success in individual patients. However, the knowledge of trunk and branch mutations may not translate in all cases into druggable targets as seen in the case of HCC where trunk mutations were the result of loss-of-function mutations \[[@CR73]\]. Moreover, if we consider other levels of tumor heterogeneity such as intra-metastatic and inter-metastatic, the challenge of conquering cancer using DNA status information of tumors becomes seriously complicated. This is because there is no rule in cancer except the rule of becoming a cancer, i.e. switching from normalcy to malignancy. On the other hand, a passenger mutation at a branch could become a driver mutation when the tumor is subjected to pressure selection of drugs, making, therefore, the distinction between driver and passenger mutations irrelevant in that regard. In addition, co-targeting trunk and branch DNA alteration will more likely bring us back to the starting point of resistance and recurrence through formation of new mutations or the rising of new mechanisms of resistance due to selection pressure of drugs.

On the sunny side of the mutational tree, however, DNA mutations retain their role as prognostic and/or predictive markers with important consequences for patient care and treatment. Knowing the trunk and branch mutational identity could lead to important improvement in cancer patient outcome and intercept resistance as it rises. Computational methods can be used to predict mutations and knowing the possible trajectory of the tumor, metastases could be delayed if not prevented and the entire tumor be put under control. Effective, rational combination treatment in this way may help overcome resistance mechanisms in the short run but unlikely to do so in the long run.

The Impact of DNA Mutations on Cancer Treatment: the Breast Cancer Example {#Sec8}
==========================================================================

Breast cancer is the most common cancer in women worldwide \[[@CR74]\]. In 2017, an estimated 255,180 new cases of invasive breast cancer are expected to be diagnosed in women in the USA, along with 63,410 new cases of non-invasive (in situ) breast cancer \[[@CR75]\].

On a histological level, breast cancer is a heterogeneous disease with a range of diverse subtypes \[[@CR76]\], whereas on a molecular level, genetic sub-typing describes the following breast cancers; luminal A, luminal B, *HER2*-enriched, and basal-like breast cancer (BLBC) with the triple-negative breast cancer (TNBC) being a sub-group of BLBC that itself has six sub-types, reviewed in \[[@CR77]\]. This molecular sub-grouping is important in order to diagnose and define the appropriate treatment options currently available to breast cancer patients.

In recent decades, breast cancer treatment has evolved to a more target-directed approach and the objective here is to underline, through an example in *HER2*-type breast cancer, the major steps followed in the development of targeted drugs to see how the attribution of driver/passenger roles to the DNA mutations observed in cancer has influenced our approach towards treatment. The chronological order in the development of the drugs listed below is not as important as to what drugs have been designed and used to treat *HER2*-type breast cancer.

An Initial Drug: Antibody to Inhibit HER2 {#Sec9}
-----------------------------------------

The human epidermal growth factor receptor 2 (*HER2*) is a 185-kDa trans-membrane protein encoded by the *erbB2* oncogene located on chromosome 17q21--22 \[[@CR78]\]. *HER2* molecular marker is over-expressed in approximately 15--25% of primary human breast cancers and is shown to be associated with poor clinical outcomes and aggressive tumor progression \[[@CR78], [@CR79]\]. Patients with breast cancer tumors over-expressing *HER2* are classically treated with anti-*HER2* targeted therapy \[[@CR80]\]. Trastuzumab was the first monoclonal antibody used to treat tumors over-expressing *HER2*. This humanized antibody, which binds to an extracellular segment of the *HER2* receptor leading to inhibition of the proliferation of tumor cells, was shown to improve survival of patients with breast cancer over-expressing *HER2* whether used as an adjuvant therapy in early stage disease \[[@CR81], [@CR82]\] or in combination with chemotherapy during the metastatic stage of the disease \[[@CR83]\]. Studies have shown that the monoclonal antibody trastuzumab that targets *HER2*-positive breast cancer tumors when used in combination with chemotherapy results in a 33% reduction in the risk of death among *HER2*-positive patients \[[@CR84]\]. Although *HER2* targeted therapy had been shown to be beneficial, several patients developed recurrences or progression of the disease due to trastuzumab resistance \[[@CR85]\].

The Need for a New Drug: a New Antibody to Inhibit HER2 {#Sec10}
-------------------------------------------------------

A new humanized monoclonal antibody called pertuzumab has been developed that binds to a different domain of the extracellular portion of the *HER2* receptor than trastuzumab and blocks *HER2* dimerization \[[@CR86]\]. A double-blind, randomized phase III trial compared the safety and efficacy of pertuzumab with trastuzumab and docetaxel, and showed a median progression-free survival of 18.5 months. An overall survival and objective response rate of 80.2% that is higher than the placebo group, led to the approval of pertuzumab for treating *HER2*-positive breast cancer \[[@CR87]\]. Pertuzumab is, however, not used as a single agent but in combination with chemotherapy in *HER2*-positive breast cancer, hindering, hence, its further exploitation as a mono-therapy (reviewed in \[[@CR88]\]).

The Need for Drug Combination {#Sec11}
-----------------------------

When confronted with continued unsatisfactory results, the classical approach is to try treatment combination. The aim is to explore the theoretical advantage of using two *HER2* targeted agents for more complete blockade of the *HER2* signaling pathway. Results obtained when combining pertuzumab and trastuzumab have been suggested to be more efficient in the treatment of *HER2*-positive breast cancer than the use of a single anti-*HER2* agent in both metastatic breast cancer and preoperatively, as neoadjuvant therapy \[[@CR89]\]. A randomized phase III trial evaluated the efficacy of dual targeted trastuzumab and lapatinib (a small-molecule tyrosine kinase) treatments in early-stage *HER2*-positive breast cancer but has found no significant statistical advantage in invasive disease-free survival over single agent trastuzumab treatment alone in an 8000-patient population size \[[@CR90], [@CR91]\].

Looking for New Targets in the PI3K/Akt/mTOR Pathway {#Sec12}
----------------------------------------------------

Still registering poor results in *HER2* breast cancer therapy, other targets in the same pathway have been used such as phosphatidylinositol 3-kinases (*PI3K*) in order to develop new inhibitors. In *HER2* over-expressing breast cancer resistant to trastuzumab, the *PI3K*/*Akt*/*mTOR* has been further exploited and studies indicate that inhibitors of this pathway can act synergistically with trastuzumab in resistant cells \[[@CR92]\].

Literature shows that increased signaling via up-stream growth factor receptors, such as those in the *GFR* and *IGFR1* families, *PTEN* mutations, and changes in the *HER2* receptor, all play an important role leading to resistance to anti-*HER2* agents. The major mechanism recorded for trastuzumab resistance appears, however, to be increased activation/signaling of *PI3K*/*Akt* \[[@CR93]\]. Therefore, the combination of trastuzumab with an *mTOR* inhibitor has been shown to act synergistically to inhibit tumor proliferation, and the addition of trastuzumab to an *mTOR* inhibitor reduces the activity of the *PI3K*, *MAPK* and *HER3* signaling pathways \[[@CR94]\]. Several *PI3K* or *Akt* inhibitors are currently in clinical or preclinical studies but no agent is currently FDA-approved (reviewed in \[[@CR95], [@CR96]\]).

A Small-Molecule Tyrosine Kinase to Inhibit HER2 {#Sec13}
------------------------------------------------

Small-molecule tyrosine kinase inhibitors such as lapatinib have also been developed to target *HER2*. This inhibitor binds to the ATP-binding pocket of the *EGFR/HER2* protein kinase domain, preventing self-phosphorylation and subsequent activation \[[@CR97]\]. Several small-molecule inhibitors of the kinases are presently undergoing phase trials (reviewed in \[[@CR98]\]) and the efficiency of such therapeutic agents remains unclear.

Summarizing the approach followed for *HER2* breast cancer treatment shows this sequence of events: (1) development of a first inhibitor to target a major molecule in a given pathway characterizing that tumor (anti-*HER2* antibody); (2) registering resistance to the first type of inhibitors leads to the design of a new inhibitor of the same nature (new anti-*HER2* antibody); (3) unsatisfactory results lead to drug combination; (4) partial or unsatisfactory results lead to search for new targets down-stream the same metabolic pathway (*PI3K/Akt/mTOR* inhibitors). The vicious cycle goes on and on, mainly when we consider other types of cancer affecting the breast and also other organs.

The questions asked here are: why the first/second antibodies or the small-molecule kinase inhibitor did not work as expected and give a durable positive response? And why treatment combinations did not work either? To answer the why question seems here more important than answering the how question. Though gaining knowledge on how resistance arises is important, the usage of this information is unlikely to lead to breast cancer eradication. Inhibiting the usage of a major tool (here, *HER2* over-expression) on which cancer cells rely for their growth, has not stopped cancerous cells from growing or coming back. In other words, where is the specificity of the targeting inhibitors used to target the *HER2*-type of breast cancer?

The answer perhaps lies in the fact that the targets used to generate such inhibitors are not the drivers as thought. Were these DNA mutations the drivers, then the inhibition of their gene product should have resulted in positive and durable response. This was not the case, not only in *HER2* breast cancer elucidated here but also in other types of breast cancer such as TNBC where PARP targeting has also been met with resistance \[[@CR99]\].

Or, could these DNA mutations be just symptoms of transformation instead of its driving cause? And while what really drives cancer is not targeted with these targeted therapies, then cancerous cells need only time to figure out, when confronted with a non-specific drug, how to go over the fence or cross the road and continue to grow, using different molecular tools to either show resistance or relapse a few months later.

Conclusions {#Sec14}
===========

Tumor DNA sequencing data has shown that DNA mutations in cancer cells are multiple and heterogeneous. Today, enough sequencing data have been generated showing that DNA mutations thought to be drivers in *HER2*-type of breast cancer or EGFR-positive NSCLC have not resulted in long-lasting positive response when targeted with different drugs. These numerous DNA mutations detected in cancerous cells in general could be regarded as symptoms or consequences of transformation suggesting that the driver in cancer may not be a particular DNA mutation or a particular spectrum of DNA mutations. The non-randomness seen in the pattern of DNA mutations in cancer cells may not translate into a causative role. This non-randomness could reflect the patterns of normal cells which are often hijacked in transformed cells since cancer cells are unable to create de novo metabolic pathways \[[@CR33]\]. Rules and regulations governing cell division exist in normal but not in cancerous cells. As a result, cancerous cells have shown a multitude of pathways they can subdue to grow into many histological and molecular types and sub-types as seen here in breast cancer. Heterogeneity in tumors reflects this unruly behavior in cancer cells which, at the same time, reflects their remarkable adaptation and changing character.

Moreover, mutations do occur in DNA but without causing cancer. More importantly though and in order to prevent transformation of multi-cellular organisms and preserve their nature, evolution constraints may be in action and serve as a barrier to oppose all transforming changes capable of affecting a species as a whole. Spontaneous abortions seen in humans could be one of such constraints. On the other hand, a cancerous cell is a normal cell that has been transformed and tumor masses look nothing like their normal tissues from which they took root and such outcome is prevented from happening at a level of species. Through that evolutionary control, the material bearing genetic information---characteristic of each species---is protected in order to prevent species from being transformed as a consequence.

In addition to the drugs listed above, resistance registered with *PARP* inhibitors is another well-documented and clear-cut example showing how our interpretation of the knowledge gained in the field of DNA mutations has influenced our therapeutic approach. Cancerous cells have a malignant approach and when they mutate *BRCA1/2*, they disempower homologous recombination which is an error-free repair pathway, to open the door to an error-prone repair pathway such as NHEJ to take place. Blocking the *PARP* pathway used by cancerous cells could translate in an increase in the aggressiveness of the tumors treated with PARPi as they become more skilled, should these tumors resort to an error-prone repair pathway. Moreover, it has been reported that the elevated frequency of micro-homology-mediated insertions-deletions observed in *BRCA1* or *BRCA2* mutant cancers are thought to reflect the usage of alternative methods of DSB repair in these cancers \[[@CR100]\] and has been reviewed in \[[@CR101], [@CR102]\].

As stated by Gonzalez-Angulo et al., breast cancer resistance to therapy is not only common but expected as systemic agents are active at the beginning of therapy in 90% of primary breast cancers and 50% of metastases. However, after a variable period of time, progression occurs \[[@CR100]\]. The time needed for cancerous cells before they show full resistance or before relapsing may depend on the tumor's microenvironment and also on how far the tumor has grown and how many tools it has at hand, i.e. how many genes it had already mutated. Focusing on how resistance arises engaged us in a vicious circle, with resistance leading to new drugs for new targets, leading to new combinations of drugs, but without achieving better and long-lasting clinical outcomes.

The cancer trilogy we came to is obvious in its following sequence: initial drug; tumor-resistance/relapse; drug/treatment-combination. This is also seen in clinics in all types of cancers with very few exceptions. Moreover, it is important to mention that we cannot make right something that is fundamentally wrong no matter how hard we try, and when a problem persists, it often calls for a paradigm shift. Besides the numerous breakthroughs in genome sequencing results, our understanding of cancer as a disease remains poor. The focus on the tumor mass with the goal of downsizing it should shift to the single-cell level with the goal of stopping each and every cancerous cell from making its first round of cell division regardless of its genetic repertoire. How a cancerous cell divides should shift to what makes a cancerous cell divide without control. How a cancerous cell divides and grows has led us so far to develop inhibitors to the tools (symptoms) these cancerous cells rely on such as an over-expressed molecule. What makes a cancerous cell create those tools, use them intelligently to defy our inhibiting strategies is what needs more attention.

DNA mutations, considered drivers in breast cancer and other types of cancer, offer, however, valuable information as biomarkers which can influence diagnosis and risk assessment. The aim of using DNA profiling is to identify tumors which most likely will respond to currently used agents or combination of agents. However, in clinical practice, oncologists are often challenged in how to define the therapeutic sequence that is most efficient and to use DNA mutation information to reach an optimum positive response. Seeking optimization of existing treatment remains, therefore, important. In this regard, it is essential to underlie a study conducted on high-grade serous ovarian cancer (HGSOC) supporting the benefit of *PARP* targeted therapy \[[@CR103]\]. The study conducted on three patients showed somatic disruption of *BRCA1/2* in all three patients at diagnosis, followed by subsequent *BRCA1* recovery upon progression by copy-number gain and/or up-regulation of the remaining functional allele in two patients. The third patient with ongoing response (\>7 years) had a tumor at diagnosis with bi-allelic somatic deletion and loss-of-function mutation, thereby lacking a functional allele for recovery of *BRCA1* activity. This highlights a potential cure for such a patient thanks to the usage of sequencing data information.

On the other hand, a more recent meta-analysis study on pancreatic cancer failed to show a significant improvement of targeted therapy in comparison with chemotherapy, outlining the challenges still imposed by targeted therapy \[[@CR104]\]. Resistance to currently used therapies will likely continue to unfold as long as the real driver in cancer is not targeted. Cancer growth is an evolutionary process and this evolution plays a key role in both the development of tumors and their response to therapy. Hirata and Sahai, discussed how therapeutic strategies directly alter the composition or function of the tumor microenvironment and in doing so, they further alter the selective pressures to which cancer cells are exposed (reviewed in \[[@CR105]\]).

Finally, the objective in cancer therapy should not be limited to improving the overall survival of cancer patients but rather to cure all cancer patients regardless of the genetic characteristics of their tumors. The complexity of cancer as a disease and the many challenges encountered today with resistance and relapse call for a new definition of cancer. Cancer may not be primarily a genetic disease, insinuating DNA changes as causal events as described in literature. Cancer could rather be described as a disease caused but something still unknown but characterized, at a cellular level, by DNA alterations needed to reprogram a normal cell in order to develop a malignant behavior.

Future cancer research should focus on identifying the initial event responsible for the switch from normalcy to malignancy and what switches a cell from normalcy to malignancy is the cause of cancer. Targeting the cause of cancer will inevitably result in a cancer cure. Working towards that end and before putting a finger on the cause of cancer, it is imperative to first explain important issues in malignancy, reconciling these genetic manifestations into a comprehensive model. Cancer hallmarks described by Hanahan and Weinberg \[[@CR106]\] provide an elegant framework for the development of cancer and offer a solid basis in this endeavor. Moreover, the classical multi-stage model of carcinogenesis may explain tumor evolution but does not explain tumor initiation thought here unlikely to lie on DNA sequences. Caiado et al. have recently reported that four major interdependent non-genetic factors are suggested to critically contribute to the overall variability of tumor cells in all types of cancer: epigenetic regulation, gene expression stochasticity, cellular differentiation hierarchies and tumor microenvironment \[[@CR107]\]. Therefore, the time is ripe to go a step farther and move cancer research in a fundamentally new direction. The next few years could see a dramatic change in cancer care and treatment. While trying novel venues, targeted therapy remains on the scene and can bring newer and important improvements in the lives of breast cancer patients and also in other types of cancer; however, it is unlikely to result in breast cancer eradication depicted here.
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